Several members of the C-C MCP (meta-cleavage product) hydrolase family demonstrate an unusual ability to hydrolyse esters as well as the MCPs (including those from monoand bi-cyclic aromatics). Although the molecular mechanisms responsible for such substrate promiscuity are starting to emerge, the full understanding of these complex enzymes is far from complete. In the present paper, we describe six distinct α/β hydrolases identified through genomic approaches, four of which demonstrate the unprecedented characteristic of activity towards a broad spectrum of substrates, including p-nitrophenyl, halogenated, fatty acyl, aryl, glycerol, cinnamoyl and carbohydrate esters, lactones, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate and 2-hydroxy-6-oxohepta-2,4-dienoate. Using structural analysis and site-directed mutagenesis we have identified the three residues (Ser 32 , Val 130 and Trp 144 ) that determine the unusual substrate specificity of one of these proteins, CCSP0084. The results may open up new research avenues into comparative catalytic models, structural and mechanistic studies, and biotechnological applications of MCP hydrolases.
INTRODUCTION
MCP (meta-cleavage product) hydrolases from the α/β hydrolase family hydrolyse C-C bonds of vinylogous 1,5-diketones [1] . They have been shown to possess a strict substrate specificity restricted to the catabolism of diverse ring fission products of aromatics. Therefore, they represent a bottleneck for aerobic catabolism of aromatics by bacteria [2] . Most MCP hydrolases can be classified into three groups on the basis of substrate specificity [1] . Group I and II hydrolases preferentially cleave fission products of bicyclic [i.e. HOPHD (2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate)] and monocyclic [i.e. HOHD (2-hydroxy-6-oxohepta-2,4-dienoate)] aromatics respectively, whereas group III prefer heteroaromatics. However, enzymes from Sphingomonas sp. strain RW1 [3] , and the three best characterized enzymes BphD and MfphA , from Dyella ginsengisoli LA-4 [4, 5] , and BphD, from Burkholderia xenovorans [6, 7] , possessed intermediate features. MfphA preferred (390-fold) HOHD as compared with HOPHD, whereas BphD LA-4 and BphD preferentially hydrolysed HOPHD (427 and 4600-fold respectively).
Research on the reaction mechanism of MCP hydrolases has unambiguously revealed that the catalytic process occurs via a covalent mechanism of catalysis at the carbonyl carbon of an α/β-unsaturated system by generating a serinate for nucleophilic attack [6, 7] . However, it is still a challenge to tune the substrate specificity of MCP hydrolases, especially interchanging MCP hydrolases from groups I and II, as it has been presumed that the substrate specificity may be affected by multiple residues [5] . In this context, MCP hydrolases have been described as having three distinct regions in their active site, a hydrophilic P-region (proximal to the presumed entrance to the substrate-binding channel), a hydrophobic D-region (distal to the entrance) [8] [9] [10] [11] and an NP subsite [5] . The P-region contains highly conserved residues mediating interactions with the hydrophilic/dienoate end of the substrates, whereas the D-region is more variable and interacts with hydrophobic C6 substrates in a group I-or group II/III-specific manner. Analysis of the crystal structure of BphD further indicates that the NP subsite is involved in binding the phenyl ring of the substrates [5] . Some recent investigations have suggested a number of residues, among these three distinct regions, that may play a key role in determining substrate specificity, either by reshaping the active pocket or by modulating the orientation of the substrate. Indeed, five active-site residues are conserved in all of the MCP hydrolases characterized (including the CCSP0084, CCSP0528 and CCSP2178 proteins characterized in the present study), but not in other α/β-hydrolases (including the K_05-6, K_06-5 and CCSP0211 proteins characterized in the present study): Arg 180 , Asn 103 , Phe 162 , Cys 256 and Trp 259 (CCSP0084 numbering; see Supplementary  Table S1 at http://www.biochemj.org/bj/454/bj4540157add.htm); however, replacement of any of the five residues reduces the rate of C-C bond hydrolysis in BphD [6, 7] , indicating that these residues are primarily involved in substrate recognition and their role in substrate preference could not be unambiguously defined. Mutations at residues in the P-region (i.e. Leu 140 and Trp 144 in CCSP0084) have been suggested to undergo large conformational changes in the catalytic cycle, although available crystal structures are insufficient to clarify their role in substrate preference [12] . Residue Ser 32 (CCSP0084 numbering), which forms the putative oxyanion hole, has been shown to modulate the characteristics of the MCP hydrolase CumD, but it is not involved in determination of substrate specificity [13] . Phe 162 and Arg 180 (CCSP0084 numbering) in MhpC, located in the lid domain, are involved in substrate binding, but do not affect the recognition of MCPsubstrate-containing phenyl groups [14] . Finally, computational design and characterization of novel MfphA-BphD hybrids, created by domain swapping, have demonstrated that residue Trp 144 (CCSP0084 numbering) in the NP subsite may affect the orientation of the substrate through steric hindrance with the aromatic ring of HOPHD [5] .
In addition to the ability to hydrolyse fission products of bicyclic and monocyclic aromatics, four MCP hydrolases have been also shown to mediate C-O bond hydrolysis in vitro, including BphD LA-4 and MfphA LA-4 from Dyella ginsengisoli LA-4 [4, 5] , MhpC from Escherichia coli [15, 16] and BphD [6, 7] . MfphA LA-4 is able to hydrolyse HOHD, HOPHD and the ester pNP (pnitrophenyl) butyrate; BphD LA-4 additionally hydrolyses the ester analogue pNP benzoate; MhpC is able to hydrolyse ethyl adipate, thioethyladipate and ethyl 2-hydroxypentadienoate; and BphD catalyses the hydrolysis of HOPHD and pNP benzoate. The fact that both C-O and C-C substrates are chemically distinct may reflect differences in the mechanisms of hydrolysis, in agreement with the versatility of the catalytic triad in MCP hydrolases [6, 7] . Differences in the esterase/thioesterase/MCP hydrolase catalytic function of MhpC have been reported by site-directed mutagenesis [16] . Thus mutations at residues Phe 162 (CCSP0084 numbering), located in the lid domain, and Trp 259 (CCSP0084 numbering) to a minor extent, caused decreased C-C cleavage activity while increasing the catalytic preference for thioesterase activity. This agrees with previous observations that both residues differentially affected the recognition of aromatic rings in MCP substrates [5] .
In summary, although the catalytic mechanism in MCP hydrolases have been clarified and mutagenic studies have been useful to unravel the various residues that underpin substrate recognition, the finer details that dictate the co-evolution of MCP hydrolases from groups I and II/III as well as the co-evolution of dual esterase and MCP hydrolase activities in single proteins remain unclear. This last point is of special significance given that both enzymes share in many cases a high motility region, the lid domain, that has been shown to play a significant role in determining activity, selectivity and stability both in esterases and MCP hydrolases [5] . The purpose of the present study is two-fold: (i) to elucidate and compare the properties of novel α/β hydrolases with broad substrate specificity, that include the unusual ability to hydrolyse fission products of bicyclic and monocyclic aromatics as well as esters; and (ii) to suggest the molecular features responsible for the activity against an exceptional array of substrates. We believe that our study supports, for first time, that single mutations at a limited number of residues is a mechanism by which dual esterolytic/MCP hydrolytic phenotypes may evolve in single α/β hydrolases.
MATERIALS AND METHODS

General methods and GenBank ® accession numbers
Full descriptions of the methods used for the 'naïve' activity screen, gene cloning, site-directed mutagenesis and protein expression and purification are available in the Supplementary Materials and methods section (at http://www.biochemj.org/bj/454/ bj4540157add.htm). DNA sequences of fosmid clones and sequences of Cycloclasticus sp. ME7 hydrolases were deposited in GenBank ® under accession numbers JX133669, JX133670, JX133672-JX133675.
Biochemical assays
Esterase activity using pNP esters were assayed at 410 nm as described previously [17] , but the buffer used was 40 mM Hepes, pH 7.0. Esterase activity using structurally diverse esters other than pNP esters was determined at 540 nm using Phenol Red as a pH indicator and 5 mM Hepps, pH 8.0, as described by Janes et al. [18] , with slight modifications [17] . MCP hydrolase activity using freshly prepared HOPHD and HOHD [19] [20] [21] was measured at 388 or 434 nm [19, 20] respectively in reaction mixtures containing 50 mM potassium/sodium phosphate, pH 7.5.
For determination of kinetic parameters, these were calculated by non-linear curve fitting from the Lineweaver-Burk plot using GraphPad Prism software (version 4.00). Each well contained 0.388-0.882 μM enzyme solution and 0.012-100 mM ester substrate [from a stock solution in acetone (for pNP esters) or acetonitrile (for esters others than pNP esters)] or 0.01-0.2 mM HOPHD or HOHD (from a 0.2 mM stock solution). For specific activity determinations of CCSP0084 wild-type and mutants using butyl acetate, pNP propionate, HOPHD and HOHD, the following conditions were used, using 2 μg of pure enzymes. For butyl acetate, reaction mixtures contained 2 mM substrate (from a 200 mM stock solution in acetonitrile), 0.45 mM Phenol Red and 2.5 % acetonitrile (v/v) in 5 mM Hepps, pH 8.0. For pNP propionate, reactions contained 0.8 mM pNP ester (from a 80 mM stock solution in acetone) in 20 mM Hepes, pH 7.0. For determination of activity towards HOHD and HOPHD, reactions contained 50 mM potassium/sodium phosphate, pH 7.5, and 0.2 mM HOPHD or HOHD.
If not stated otherwise, reactions were followed at 40 • C every 2 min for a total time of 15 min (except for highly hydrolysed substrates, with which 1 min incubations and 0.2 min intervals were used), in 96-well microtitre plates (total volume of 200 μl) on a Synergy HT Multi-Mode Microplate Reader (BioTek). One unit of enzyme activity was defined as the amount of enzyme hydrolysing 1 μmol of substrate in 1 min under the assay conditions. In all activity assays, three independent experiments were performed for each parameter, substrate and enzyme, and graphs were plotted using the means + − S.D. It should be highlighted that all values were corrected for non-enzymatic hydrolysis (background rate).
The optimal pH and temperature were determined according to specific activity determinations using pNP propionate as described above. pH values between 4.0 and 9.0 and temperatures between 4 and 70
• C were tested. All of the following buffers were tested at 40 mM: sodium citrate (pH 4.0-4.5), sodium acetate (pH 5.0-6.0), Mes (pH 5.5-6.0), Hepes (pH 7.0-8.0), Pipes (pH 6.0-7.0), potassium/sodium phosphate (pH 7.5), Tris/ HCl (pH 8.5) and glycine (pH 9.0-9.5). The pH was always adjusted at 25
• C in all cases. The pH and temperature profiles were obtained at 40
• C and pH 7.0 respectively.
CCSP0084 purification, crystallization and structure determination
The CCSP0084 enzyme was expressed and purified according to the procedures described by Lai et al. [22] . [24] to a high resolution limit of 1.69 Å (1 Å = 0.1 nm). The structure was determined by Molecular Replacement using a search model of the CCSP0084 sequence, based on the structure of the MCP hydrolase CumD (PDB code 1UK8) [25] , generated by the Phyre2 fold recognition server (http:// www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id = index) and using Phenix.phaser [26] . The structure was manually inspected and modified with Coot [27] and refined with Phenix.refine [28] . Bfactors were refined as anisotropic for protein atoms and isotropic for non-protein atoms. TLS (Translation-Libration-Screwrotation) parameterization groups corresponding to residues 0-131, 132-189 and 190-282 were added, as determined by the TLSMD server [29] . Water atoms were added using Phenix.refine, Coot and manual inspection; ions were added using manual inspection. The suitability of Ramachandran angles were validated with Phenix and the PDB Validation Server {residues in most favoured regions: 91.4 %, additionally allowed; 8.2 %, generously allowed; 0.4 %, disallowed (corresponds to catalytic Ser 104 in the strained turn/nucleophilic elbow structure, conserved in α/β hydrolases [30] }. The final atomic model includes residues 1-282 of the enzyme, plus an extra N-terminal glycine residue (residue 0) from the expression vector. Cys 70 appears to have been covalently modified and the nature of the modification could not be identified and therefore was not modelled. This residue is far from the active site and is not thought to be functionally important.
Electrostatic surface representation of the crystal structure of CCSP0084 was calculated using the PDB2PQR server [31] , using the AMBER forcefield and otherwise default settings. Multiple sequence alignments were conducted using the ClustalW2 tool (http://www.ebi.ac.uk/Tools/msa/clustalw2/), integrated into BioEdit 7.0.9.1 software [32] and Geno3D [33] . The final structure and structural factors were deposited into the PDB under the accession code 4I3F.
RESULTS AND DISCUSSION
Molecular and biochemical features of two dual ester/MCP hydrolases from community genomes
Subsets of 14 000 phage clones from the metagenomic library of Kolguev Island (created from crude-oil enrichment cultures established with sea water at sampling point 68.45 N 49.2 E) [34] , which harbours nearly 48 Gbp of community genomes were scored for their ability to hydrolyse αNA (α-naphthyl acetate) and indoxyl acetate [35] . Two positive clones, designated k_05 and k_06, were identified as being active against both substrates. The inserts of k_05 (9087 bp) and k_06 (6636 bp) were sequenced, analysed and compared with the sequences available in the NCBI (National Center for Biotechnology Information) non-redundant public database [36, 37] . Among the encoded 11 (in k_05) and six (in k_06) predicted protein-encoding genes, two predicted esterases with the α/β hydrolase fold were identified, which were named based on the source fragment ID number and the number of the corresponding open reading frame: K_05-6 and K_06-5.
BLAST searches of the NCBI non-redundant database with the protein sequence of K_05-6 (319 amino acids; molecular mass 35 487 Da; pI 5.04) and K_06-5 (316 amino acids; molecular mass 34 301 Da; pI 8.44) showed high identity (up to 50/25 %) and similarity (up to 70/36 %) with various gammaproteobacterial and betaproteobacterial carboxylesterases and lipases (Figure 1 ) respectively. Both enzymes can be classified in the microbial HSL (hormone-sensitive lipase/esterase) family V type, described by Arpigny and Jaeger [38] , and contained a -GxSxG-motif and presumptive Ser-Asp-His catalytic triads (Supplementary Table  S1 ). A BLAST search against the PDB database further implied that K_05-6 and K_06-5 are also structurally most similar to the group I MCP hydrolases MhpC (PDB code 1U2E) [11] , CarC (PDB code 1J1I) [10] , CumD (PDB code 1UK6) [9, 12] and BphD (PDB code 2RHT) [39] [40] [41] with pairwise sequence identities between 22-28 %, although both K_05-6 and K_06-5 formed separate clusters at the sequence level ( Figure 1 ). Instead, they were closer to carbon-heteroatom hydrolases from the heterogeneous group IV [1] .
After expression in E. coli and purification, kinetic parameters were determined for K_05-6 and K_06-5 against a battery of 35 structurally diverse esters (for esterolytic activity) and the two ring cleavage products HOHD and HOPHD (for MCP hydrolytic activity). Both enzymes were able to efficiently hydrolyse pNP esters ranging from acetate to decanoate (but not longer esters), with pNP octanoate being the preferred substrate ( Figure 2 and Supplementary Figure S1 at http://www.biochemj. org/bj/454/bj4540157add.htm); however, whereas the current analysis also confirmed activity of K_05-6 on methyl-bromoisobutyrate, methyl-bromo-acetate, methyl caproate, ethyl butyrate and tributyrin, no other esters tested were hydrolysed by K_06-5. Conversion of both MCP substrates was also evident ( Figure 2 and Supplementary Figure S1 ). According to catalytic efficiencies for the best ester and MCP substrates, under our experimental conditions, K_05-6 showed similar activity of MCP hydrolytic to esterolytic activity (ratio ∼ 1), whereas K_06-5 was characterized by a higher ratio of MCP hydrolytic to esterolytic activity (∼ 8.5). In addition, although the K_05-6 enzyme prefers the HOHD substrate, K_06-5 prefers HOPHD (Figure 2 ). Temperature and pH optima, under our experimental conditions, are provided in Supplementary Table S2 (at http://www.biochemj. org/bj/454/bj4540157add.htm).
Cycloclasticus sp. ME7 as a case: exploring substrate specificity of other α/β hydrolases
Members of the genus Cycloclasticus (Gammaproteobacteria, Piscirickettsiaceae) have been identified as key micro-organisms for the aerobic breakdown of PAHs (polycyclic aromatic hydrocarbons) [42] . The genus name refers to its 'ring-breaking' activity, i.e. its ability to degrade the PAH ring to form simpler products [43] . A 'Mediterranean' species, named Cycloclasticus sp. strain ME7, has been isolated from contaminated sediments GenBank ® and PDB accession numbers are indicated in brackets. For dendogram construction details, see the Supplementary Materials and methods section (at http://www.biochemj.org/bj/454/ bj4540157add.htm). Clusters GIV and GIII include GIV-DhlA XAGJ10 (M26950), GIV-Eph COC12 (AJ224332), GIV-EphX2 HS (L05779), GIV-Nap BS168 (AB001488), GIV-PcaD ACADP1 (L05770), GIV-CatD ACADP1 (AF009224) and GIII-NahN PSAN10 (AF039534), GIII-XylF PSpWW0 (M64747), GIII-DmpD PSCF600 (X52805), GIII-AtdD ACYAA (AB008831), GIII-McbF RAJS705 (AJ006307), GIII-TecF BUPS12 (U78099) and GIII-TodF PSF1 (Y18245) respectively, where the code in parentheses is the accession number. Scale bar represents 0.2 substitutions per position. MCP hydrolase (groups I, II, III and IV) and lipase/esterase (Family V and VI) families are depicted according to the Hernáez et al. [1] and Arpigny and Jaeger [38] classifications respectively. MCP hydrolases which have been shown to hydrolyse both fission products of bicyclic and/or monocyclic aromatics as well as esters in vitro are boxed.
of the Messina (Italy) harbour and its genome sequenced (NCBI accession number CP005996). Four (CCSP0084, CCSP0211, CCSP0528 and CCSP2178) out of six genes encoding potential α/β hydrolases that share significant homology with the K_05-6 and K_06-5 proteins ( 31 % amino acid sequence identity), were cloned, expressed and biochemically characterized; all four E. coli clones expressing those genes demonstrated esterase activity on agar plates containing αNA as a substrate.
BLAST searches against the PDB revealed that CCSP0528 (287 amino acids; molecular mass 32 498 Da; pI 5.78) is most closely related to BphD from the Rhodococcus jostii RHA1 (PDB 1C4X; 56 % identity and 76 % similarity) [44] . The sequence of CCSP0084 (282 amino acids; molecular mass 31 547 Da; pI 5.36) most closely matches the sequence of CumD (PDB 2D0D; 38 % identity and 59 % similarity) [9] . The sequence of CCSP2178 (282 amino acids; molecular mass 31 354 Da; pI 5.37) best matches the sequence of BphD from Burkholderia xenovorans LB400 (PDB 2PUH; 62 % identity and 78 % similarity) [41] . Finally, CCSP0211 (223 amino acids; molecular mass 24 190 Da; pI 4.66) is most similar to the carboxylesterase PA3859 from Pseudomonas aeruginosa (PDB 3CN7; 41 % identity, 55 % similarity) [45] . In addition, CCSP0084, CCSP0211, CCSP0528 The catalytic efficiencies (k cat /K m ) were calculated as described in the Materials and methods section in triplicate at 40 • C, and 20 mM Hepes, pH 7.0 (for pNP esters), 5 mM Hepps, pH 8.0 (for esters others than pNP esters), and 50 mM potassium/sodium phosphate, pH 7.5 (for HOHPD and HOHD). Mean values are given with the standard deviations. Note: grey-filled bars indicate those substrates whose catalytic efficiencies are significantly much higher and thus the values given are in min
For significantly low data, a scaled-up insert is provided.
and CCSP2178 share 31, 37, 53 and 53 % amino acid sequence identity with K_05-6 and 57, 44, 66 and 47 % with K_06-5.
Presumptive catalytic triads of all four hydrolases were identified, which are listed in Supplementary Table S1 . The positioning of the four sequences was examined in a phylogenetic tree. As shown in Figure 1 , we made the following observations: (i) CCSP0084, CCSP0528 and CCSP2178 cluster together with group I MCP hydrolases [1] ; and (ii) CCSP0021 forms a separate group, most closely related to K_06-5 at the sequence level than to any known MCP hydrolase. Moreover, sequence analysis confirmed that CCSP0211 belongs to the lipase/esterase family VI [38] ; with a molecular mass in the range 23-26 kDa, the enzymes in Family VI are among the smallest esterases known [38] , in agreement with the theoretical molecular mass of CCSP0211, which is the smallest (24.2 kDa) among the hydrolases described in the present paper. All purified Cycloclasticus sp. ME7 proteins exhibit significant activity (for optimal parameters, see Supplementary Table S2) towards pNP esters ranging from acetate to butyrate, but not longer esters (Figure 2 and Supplementary Figure S1 ). CCSP0528 is unable to hydrolyse any of the 30 esters that were tested further.
In contrast, the CCSP2178 enzyme hydrolyses phenyl acetate, methyl caproate, methyl ferulate, methyl (R)-( − )-mandelate and three halogenated fatty acid esters; methyl ferulate was the preferred substrate ( Figure 2 and Supplementary Figure S1 ). The CCSP0084 enzyme shows considerable activity towards phenyl acetate, butyl acetate, triacetin and geranyl acetate; pNP acetate was thus the preferred substrate. Finally, CCSP0211 exhibits remarkable activity towards a set of 21 out of 30 additional ester substrates tested (Figure 2 and Supplementary Figure S1 ), including four halogenated fatty acid esters, three cinnamoyl-like esters, two carbohydrate esters, two lactones, two triacylglycerols, three alkyl esters [including ( + )-methyl-D-lactate] and two aryl esters [including methyl (R)-( − )-mandelate]; geranyl acetate is the preferred substrate. Note that it is both CCSP2178 and CCSP0211 were also enantio-selective as no appreciable activity, under our assay conditions, was detected for methyl (S)-( + )-mandelate (for CCSP2178 and CCSP0211) and ( − )-methyl-Llactate (for CCSP0211).
Enzymes CCSP0084, CCSP0528 and CCSP2178 also exhibit significant activity towards both HOHD and HOPHD (Figure 2 and Supplementary Figure S1) , with activity ratios of ∼ 8.6, ∼ 0.34 and ∼ 0.005 respectively. Along with esters, CCSP0211 is unable to hydrolyse HOHD, but it hydrolyses HOPHD (Figure 2 and Supplementary Figure S1 ). Considering the best MCP and ester substrates, CCSP2178 and CCSP0528 showed an improved ratio of MCP hydrolytic to esterolytic activity (∼ 14.3 and ∼ 3.2 respectively), whereas CCSP0211 and CCSP0084 did show preference for esterolytic activity (ratio of ∼ 0.06 and ∼ 0.2 respectively).
On the basis of these results, CCSP0084, CCSP0211, CCSP0528 and CCSP2178 could all be considered as MCP hydrolases with broad substrate specificity, similar to the K_05-6 and K_06-5 proteins (a schematic representation of the substrates being hydrolysed is further provided in Supplementary Figure S2 at http://www.biochemj.org/bj/454/bj4540157add.htm). Moreover, whereas CCSP0528 and K_06-5 exhibit the most restrictive substrate range, CCSP0211, CCSP2178 and K_05-6 have broader substrate specificity, which is unprecedented as compared with other previously reported esterases and MCP hydrolases of the α/β hydrolase fold [4] [5] [6] [7] 15, 16] . Indeed, the present study demonstrated the capacity of a 'presumptive' (on the basis of BLAST similarities) carboxylesterase such as CCSP0211 to perform both esterase and MCP hydrolase activities, in agreement with the fact that family VI esterases have been demonstrated to show wide substrate specificity [17, 38] . Additionally, five 'presumptive' (according to BLAST and/or PDB similarities) MCP hydrolases, K_05-6, K_06-5, CCSP0084, CCSP0528 and CCSP2178, were also shown to posses a similar dual character, albeit they differ in their specific substrate profiles. This in turns suggests that 'presumptive' homologous MCP hydrolases may be highly efficient carboxylesterases with unusual and exceptionally broad substrate specificity; however, further experimental evidence is required to test this hypothesis. Degradation of monocyclic and bicyclic fission products was shown to be preferably supported by K_05-6/CCSP0084 and K_06-5/CCSP0211/CCSP2178-related sequences respectively, whereas sequences similar to CCSP0528 may be equally efficient for both. Noteably, the results of the present study suggest that no clear association exists between the phylogenetic/sequence positioning ( Figure 1 ) and the activity relationships (Figure 2) . However, we noticed that all previously described MCP hydrolases capable of mediating C-O bond hydrolysis in vitro are positioned within the Group I, where three of our enzymes are also clustered.
Structural analysis of Cycloclasticus sp. ME7 CCSP0084
To gain more molecular insight into the activity of the Cycloclasticus sp. ME7 α/β-hydrolases, we determined the crystal structure of the CCSP0084 enzyme (Supplementary  Table S3 at http://www.biochemj.org/bj/454/bj4540157add.htm). An attempt at crystallizing CCPS0211, CCSP0528 and CCSP2178 was carried out, but no crystals of sufficient quality were obtained for these enzymes. The CCSP0084 crystal structure was determined to 1.69 Å resolution and was solved by Molecular Replacement using the structure of MCP hydrolase CumD (PDB 1UK8). Structural analysis confirmed that CCSP0084 adopts the α/β hydrolase fold typical of other enzymes in this class ( Figure 3A) with the core α/β domain and an additional 4 α-helical subdomain (spanning residues 135-200), which is positioned as a lid partially covering access to the active-site cavity ( Figure 3A) .
Overall, the structure of CCSP0084 most closely resembles the structures of previously characterized MCP hydrolases, such as CumD [9] , MhpC [11] , CarC [10] and BhpD [41] (Supplementary Figure S3 at Figure 3C and Supplementary Figure  S3B ). Alanine substitution of Ser 104 abrogated the activity (results not shown) for both esterase and MCP substrates (on the basis of specific activity determinations using purified variants), which confirmed the proposed role of this residue as an essential nucleophile in catalysis towards both types of substrates. The oxyanion hole in CCSP0084 structure is occupied by a chloride atom that most likely originated from the enzyme's purification buffer, a phenomenon also observed in the case of the CumD structure (PDB code 2D0D) [13] . Another chloride atom is found in the active site of CCSP0084 ( Figure 3C ). The position of this chloride atom corresponds to that of the carboxylate of 3-Cl HOPHD bound to BhpD (PDB code 2RHT) [39] .
The P-region of the CCSP0084 active site is made up of residues highly conserved across reported MCP hydrolases and three of the hydrolases characterized in the present study (Supplementary Table S1 ) included Gly 31 , Gly 33 , Asn 41 , Asn 103 and Arg 180 , suggesting that these CCSP0084 residues contribute to the hydrogen bond network with substrates such as HOHD, similar to the network observed in the BphD/HOHD complex structure ( Figure 3C ). In contrast, the CCSP0084 residues defining the Dregion demonstrate significant variation when compared with the equivalent regions in the other MCP hydrolases ( Figure 3B ). As a result, the active site of CCSP0084 appears more constricted when compared with the 3-Cl HOPHD-bound BphD structure, especially in the region of BphD that interacts with the 6-oxo-6-phenyl region of the substrate ( Figure 3C , in surface representation). In particular, CCSP0084 residues Val 130 , Trp 144 and Ile 233 in the D-region of the active site are responsible for constricting the size of this region of the active site. These features may explain the preference of CCSP0084 for substrates such as HOHD over HOPHD or other molecules that feature a bulky C 6 aromatic group (Figure 2 ). Note that a comparative analysis further indicates that the D-region of CumD (which also prefers fission products from monocyclic aromatics [13] ) is not constricted. There are sequence differences between CumD and CCSP0084 in the D-region, but two prominent residues that may be responsible for this are CumD Ala 129 against CCSP0084 Val Subsequently we analysed the molecular architecture of the CCSP0084 active site with respect to its ability to catalyse the hydrolysis of diverse esterase substrates. On the basis of the assessment that the D-region of the CCSP0084 active site appears too constricted to accomodate the pNP moiety or long acyl chains, we suggest that these larger regions of the substrates are orientated towards the P-region of the active site. This particular feature of the CCSP0084 D-region may be responsible for the lower catalytic efficiency of this enzyme toward the butyrate and larger pNP compounds (Figure 2 ). Along the same line, the specific molecular environment of the CCSP0084 P-region of the active site may restrict substrate accessibility to butyl acetate (or smaller) esters, explaining the lower catalytic efficiency values for geranyl acetate and glyceryl triacetate, which contain longer alkyl chains. and Ile 233 residues in substrate recognition by site-directed mutagenesis (Figure 4 and Supplementary Table S4 at http://www. biochemj.org/bj/454/bj4540157add.htm), on the basis of specific activity determinations using purified variants. The V130G mutation, chosen on the basis of the presence of a glycine residue at the corresponding position in BphD enzyme (PDB code 2RHT), abrogated CCSP0084 activity nearly completely towards both esterase and MCP substrates, suggesting that this residue is critical for recognition of both types of substrates. It is of significance that the longer butyl acetate and HOPHD substrates were more susceptible (0 % relative activity) to the V130G mutation than pNP propionate (∼ 13 % relative activity) and HOHD (∼ 2.1 % relative activity). The W144G and W144L substitutions had a similar major effect on CCSP0084 esterase activity, with activity towards butyl acetate (0 % relative activity) being again more sensitive to these mutations than towards the pNP propionate (<10 % relative activity). In contrast, although the W144G and W144L CCSP0084 variants were completely or nearly completely inactive (∼ 1.2 % relative activity) towards the HOHD substrate, they demonstrated comparable (∼ 70 % relative activity for W144G) or improved (∼ 280 % relative activity for W144L) activity for the HOPHD substrate. These results agree with the fact that BphD, which features a leucine residue at the corresponding position, demonstrates a high level of activity for pNP benzoate and HOPHD, but does not hydrolyse either alkyl esters or HOHD [6, 7] . Finally, the I233V mutation, chosen based on the presence of a valine residue at the corresponding position of BphD, did not adversely affect CCSP0084 activity towards ester and MCP substrates. Remarkably, the CCSP0084 I233V variant demonstrates significantly (∼ 409 %) higher activity towards the HOPHD substrate than the wild-type enzyme. By contrast, a more intrusive I233G substitution suppresses the enzymes's activity nearly completely in the case of both esterase and MCP substrates. In the CCSP0084 structure, the Ser 32 side chain forms an interaction with the chloride ion positioned in the oxyanion hole. This position of Ser 32 would enable interactions with the additional oxygen of potential substrates. In line with this hypothesis, the mutation of Ser 32 to glycine severely abrogated activity towards both ester and HOHD substrates (Figure 4) . On the other hand, the S32G variant retains significant (∼ 70 % relative activity) activity for the HOPHD substrate. Combined with structural analysis these data suggest that the serine residue side chain plays a role in catalysis as well as in substrate preference.
To conclude, the present study provides structural and biochemical evidence of the important roles played by specific active-site residues in the dual esterolytic/MCP hydrolytic activity of α/β hydrolases. Using genomics approaches we have identified six α/β hydrolases with an unusually broad activity spectrum, including multiple ester and MCP substrates. Four of these enzymes feature a particularly diverse activity profile, which includes the ability to hydrolyse substrates that include pNP, halogenated, fatty acyl, aryl, glycerol, cinnamoyl and carbohydrate esters, lactones, HOPHD and/or HOHD. Using structural and mutational analysis we identified specific positions in the active site (occupied by residues Ser 32 130 and Trp 144 residues than activity towards pNP propionate, suggesting that these residues are involved in interactions with ester substrates with longer alkyl chains. In addition, these three residues were found to significantly alter the activity toward the MCP substrates, with substrates containing a phenyl ring being most susceptible to alteration of CCSP0084 Val 130 . This prompted us to hypothesize that this residue is involved in hydrophobic interactions with the phenyl ring of the MCP substrates. In agreement with this, the superimposition of the S112/HOPHD complex with the structure of CCSP0084 ( Figure 3C ) places the phenyl ring of the substrate in proximity to Val 130 of CCSP0084. The structural and biochemical analyses of six α/β hydrolases shown in the present study shed new light on the diversity among members of important family of α/β hydrolases, providing insights for improving protein annotation in databases [46] and comparative catalysis and evolutionary model studies. Our data suggest that hydrolases with such a broad substrate range may persist in microbial communities to a much greater extent than previously anticipated, expanding the pool of substrates available to micro-organisms that mineralize organic carbon. Hence this type of enzyme may contribute to the global carbon cycling processes and for chanelling complex substrates into the common catabolic pathways, including recalcitrant organic pollutants. This was further proven by genomic context examination, which showed that genes encoding both CCSP0084 and CCSP0528 were located close to genomic signatures associated with degradation: CCSP0084 is surrounded by aromatic dioxygenases (large and small subunits) and an alkane 1-monoxygenase (in opposite directions), and CCSP0528 is surrounded by an Nmethylhydantoinase A/acetone carboxylase (β-subunit), a 2-keto-4-pentenoate hydratase (probably involved in benzoate and xylene degradation) and a 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase (in the same direction). No pollutantdegrading genomic signatures were associated with CCSP0211 [surrounded by a metal-dependent hydrolase (sulfatase-like) and a diaminopimelate decarboxylase in opposite directions] and CCSP2178 (surrounded by isopropylmalate dehydratase subunits and an α/β hydrolase family protein in opposite directions), suggesting that the participation in biodegradation of these enzymes could not be anticipated by genomic analysis, but rather by biochemical testing. Additionally, we observed further that a significant proportion of proteins (annotated as hydrolases or acyltransferases), which share a high level of sequence identity with the proteins reported in the present study, possibly originated from organisms with known biodegradation capacities or were located in clusters containing potential genomic signature associated with degradation (results not shown).
Finally, although it is true that we have evaluated the activity of the enzymes reported in the present study with a wide array of substrates, it is also plausible that some of the observed activities are characteristics of other MCP hydrolases and esterases/lipases. In this context, further experimental evidence is required to test whether some related characterized MCP hydrolases, such as BphD, MhpC or CumD, do possess similar broad activities. Additionally, homologous, but not characterized, α/β hydrolases may also be included in future studies. This last issue should be of special significance given the fact that three of the hydrolases (K_05-6, K_06-5 and CCSP0211), reported in the present study as capable of mediating C-O and C-C hydrolysis, do form a separate cluster (most similar to Family V and VI of esterases/lipases) as compared with, and do not contain highly conserved residues (see Supplementary Table S1 ) characteristics of, known characterized MCP hydrolases. 
SUPPLEMENTARY ONLINE DATA
Single residues dictate the co-evolution of dual esterases: MCP hydrolases from the α/β hydrolase family 
MATERIALS AND METHODS
General experimental procedures
All chemicals used for enzymatic tests were of the purest grade available and were purchased from Fluka Sigma-Aldrich or Apin Chemicals. Experimental procedures used for functional esterase screening with αNA and indoxyl acetate in a shortinsert λ phage library from a crude oil-contaminated seawater microbial community were as described previously [1, 2] ; the cloning (performed using primers provided in Supplementary  Table S4 ), expression and purification of selected proteins in the Ek/LIC 41 vector and E. coli BL21 (DE3) (for Kolguev hydrolases) or Ek/LIC 46 and E. coli BL22 (for Cycloclasticus sp. ME7 hydrolases) were performed as described elsewhere [3] , with minor modifications. Briefly, for protein expression, the resulting cells were grown overnight at 37
• C with shaking at 200 rev./min in 100 ml of LB broth containing appropriate antibiotics. Each 1 litre of medium was inoculated with 20 ml of culture, and the cells were grown for 1.5 h (at 37
• C) to a D 600 of ∼1.0 before induction using 0.5 mM IPTG for 16 h at 16
• C. All proteins examined in the present study were His 6 -tagged and purified at 25
• C after binding to a Ni-NTA (Ni 2 + -nitrilotriacetate) His · Bind resin (Sigma Chemical), after which protein solutions were extensively dialysed with 20 mM Hepes, pH 7.0, by ultrafiltration through low-adsorption hydrophilic 10 000 nominal molecular mass limit cut-off membranes (regenerated cellulose, Amicon) and stored at − 86
• C. Purity was assessed as >98% using SDS/PAGE (Supplementary Figure S5) performed on 12% (v/v) acrylamide gels as described by Laemmli [4] in a Bio-Rad Mini Protein system. Protein concentrations were determined according to Bradford [5] with BSA as the standard.
Site-directed mutagenesis
Mutations were introduced into plasmid p15TV-Lic containing the CCSP0084 gene, using the QuikChange ® mutagensis kit from Stratagene, with oligonucleotide pairs detailed in Supplementary  Table S4 . The resulting variant plasmids were transferred into BL21(DE3)Codon Plus-RIL and selected on the LB agar supplemented with appropriate antibiotics (50 μg/ml ampicillin). Protein expression and purification was performed as for the wildtype protein.
Preparation of HOPHD and HOHD
The substrates HOPHD and HOHD were freshly prepared from 2,3-dihydroxybiphenyl or 3-methylcatechol (50 μM) respectively, using extracts from E. coli cells overexpressing DbfB 2,2 ,3-trihydroxybiphenyl dioxygenase from Sphingomonas wittichii RW1 [6] or catechol 2,3-dioxygenase from Pseudomonas sp. 1YdBTEX2 [7] . For enzyme expression and crude extract preparation, the resulting cells were grown overnight at 37
• C with shaking at 200 rev./min in 10 ml of LB broth containing appropriate antibiotics (100 μg/ml ampicillin for cells expressing catechol 2,3-dioxygenase or 50 μg/ml ampicillin plus chloroamphenicol for cells expressing DbfB). Each 50 ml of medium with appropriate antibiotics was inoculated with 2.5 ml of culture, and the cells were grown to a D 600 of ∼1.0 before induction using 1.0 mM IPTG for 3 h. The cells were harvested by centrifugation (5000 g) for 15 min to yield 0.1-0.2 g of pellets/50 ml of culture. The cell pellet was frozen at − 80
• C overnight and then thawed and resuspended in 10 ml/g of pellet of 50 mM potassium/sodium phosphate (pH 7.5) buffer. The cell suspension was then sonicated for 1.2 min and further centrifuged at 15000 g for 15 min; the supernatant was retained at 4
• C until processing (within the following 12 h). HOHD was produced by adding 10 μl of protein extract containing catechol 2,3-dioxygenase to a substrate in the presence of the following solution: 87 μl of potassium/sodium phosphate, pH 7.5, and 3 μl of 3-methylcatechol solution in water (10 mM) to achieve a final substrate concentration of 0.15 mM. For HOPHD, the substrate was produced by adding 1 μl of protein extract containing DbfB protein to a substrate containing the following solution: 96 μl of 50 mM potassium/sodium phosphate, pH 7.5, and 3 μl of 2,3-dihydroxybiphenyl solution [in water/ethanol at a ratio 9:1 (10 mM)] to achieve a final substrate concentration of 0.15 mM. Reactions were followed at 40
• C in a microplate reader (Synergy HT Multi-Mode Microplate Reader, BioTek) for 1 These authors contributed equally to this work. 2 The nucleotide sequence data reported for fosmid clones and sequences of Cycloclasticus sp. ME7 hydrolases will appear in the DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under accession numbers JX133669, JX133670, JX133672-JX133675.
The structural co-ordinates reported for Cycloclasticus sp. ME7 CCSP0084 α/β hydrolase will appear in the PDB under accession code 4I3F. [7] . Reaction products were immediately used for hydrolysis tests, although the products were stable for at least 4-5 h. Three independent experiments were performed for each parameter, and graphs were plotted as means + − S.D. Parameters were determined using the conditions and methods described in Figure 2 and the Materials and methods section of the main text. Grey-filled bars indicate those substrates whose hydrolytic rates are significantly much higher and the values are given in min − 1 , instead of s − 1 . Insets highlight the datasets with low values.
Construction of the neighbour-joining tree
Multiple protein alignment was performed using ClustalW program built into the BioEdit software version 7.0.9.0 [8] . Phylogenetic analysis of protein sequences was conducted with MEGA 4.0 software [9] using the neighbour-joining treeing method, sampling 1000 trees for bootstrapping and Poisson correction. 
